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Pdx1Cdx1, Cdx2 and Cdx4 encode homeodomain transcription factors that are involved in vertebral anterior–
posterior (AP) patterning. Cdx1 and Cdx2 are also expressed in the intestinal epithelium during development,
suggesting a role in this tissue. Intestinal defects have not been reported in Cdx1 null mutants, while Cdx2
null mutants die at embryonic day 3.5 (E3.5), thus precluding assessment of the null phenotype at later
stages. To circumvent this latter shortcoming, we have used a conditional Cre-lox strategy to inactivate Cdx2
in the intestinal epithelium. Using this approach, we found that ablation of Cdx2 at E13.5 led to a
transformation of the small intestine to a pyloric stomach-like identity, although the molecular nature of the
underlying mesenchyme remained unchanged. Further analysis of Cdx1-Cdx2 double mutants suggests that
Cdx1 does not play a critical role in the development of the small intestine, at least after E13.5.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The vertebrate digestive system is composed of the gut tube,
which develops from both the deﬁnitive and visceral endoderm, and
its accessory organs such as the pancreas, liver and salivary glands
(Kwon et al., 2008; Wells and Melton, 1999; Zorn and Wells, 2009).
Deﬁnitive endoderm is formed as epiblast cells are recruited through
the anterior portion of the primitive streak, and is subsequently
regionalized in an anterior to posterior order, with cells exiting ﬁrst
recruited to the prospective foregut and those exiting last contribut-
ing to the hindgut. The epithelial lining of the intestinal tract
subsequently undergoes patterning reﬂective of position along the
anterior–posterior (AP) axis. For example, the esophagus becomes
lined by a stratiﬁed keratinized epithelium, which continues into the
cardiac region of the stomach, while the pyloric region of the stomach
is lined with a non-keratinized simple columnar epithelium which
assumes a scalloped appearance at the site of the gastric pits. The
surface of the small intestine is comprised of ﬁnger-like villi and
invaginating crypts which deﬁne the crypt-villus axis. The simple
columnar epithelium of the small intestine consists largely of
absorptive enterocytes, with mucus-secreting Goblet cells, hor-
mone-secreting enteroendocrine cells, immune-stimulating micro-
fold (M) cells and anti-microbial Paneth cells comprising the
remaining cell types. The colon also consists of a simple columnarepithelium with crypts, but has neither villi nor Paneth cells (Wells
and Melton, 1999; Zorn and Wells, 2009).
Signaling cues emanating from the underlying mesoderm are
thought to play an important role in patterning of the intestinal
epithelium (Duluc et al., 1994). This is reﬂected in the differential
expression of transcription factors along the AP axis of the gut tube. In
this regard, althoughHox genes are key players in AP patterning of the
neurectoderm and mesoderm (Deschamps et al., 1999; Krumlauf,
1994; McGinnis and Krumlauf, 1992), Hox null mutant mice exhibit
relatively minor intestinal patterning defects (Aubin et al., 1997;
Boulet and Capecchi, 1996; Manley and Capecchi, 1995; Warot et al.,
1997; Zacchetti et al., 2007), suggesting that other players are
involved in endoderm patterning. As one such example, BarX1 is
expressed in the stomach mesenchyme during gastric development
(Verzi et al., 2009), and is essential for stomach patterning (Kim et al.,
2005, 2007). The endoderm itself is also a source of intrinsic
patterning cues. For instance, the transcription factor Sox2, which is
expressed in the esophagus, lung and stomach primordia, is involved
in establishing the pyloric-duodenal junction (Sherwood et al., 2009)
as well as the boundary between anterior, keratinized, forestomach
and glandular hindstomach (Que et al., 2007). Other endodermal
markers are also regionalized along the AP axis, including Foxe1,
which is restricted to the esophagus, Odd1 in the stomach, and several
genes of the Hoxd cluster which are restricted to the intestine
(Sherwood et al., 2009; Yasugi and Mizuno, 2008).
Transcription factors encoded by the ParaHox genes are also
implicated in GI development. Parahox and Hox genes are thought to
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Members of the ParaHox gene cluster, such as Gsh1, Pdx1 and Cdx2,
are expressed principally in the endoderm and derivatives thereof
(Ferrier et al., 2005; Illes et al., 2009). For instance, Pdx1 is expressed
with an anterior-high gradient along the intestinal tract and is
essential for proper formation of the pancreas and foregut (Monaghan
et al., 1993; Stoffers et al., 1997). However, programs involved in the
patterning of the hindgut are less well deﬁned. In this regard, Cdx1
and Cdx2 are also differentially expressed along the AP axis of the gut
with a posterior-high gradient, and have been implicated in both
intestinal development and in the function of the mature gut (Beck,
2004; Guo et al., 2004; Silberg et al., 2000).
Cdx genes encode homeodomain transcription factors related to
Drosophila caudal. The three Cdx murine homologues, Cdx1, Cdx2
and Cdx4, exhibit overlapping patterns of expression in the posterior
embryo and have related function regarding their role in patterning of
the paraxial mesoderm (Beck, 2004; Lohnes, 2003; Savory et al.,
2009b; van den Akker et al., 2002; van Nes et al., 2006). Both Cdx1 and
Cdx2, but not Cdx4, are also expressed in the hindgut endoderm and
mature intestine. Cdx2 expression in the prospective gut begins at
E8.5 in the hindgut rudiment. By E12.5, Cdx2 expression is limited to
the endoderm caudal to the foregut/midgut juncture with expression
highest in the proximal colon and diminishing in either direction; this
expression perdures in the adult (Beck et al., 1995; Chawengsakso-
phak et al., 2004). Cdx1 expression initiates in the hindgut endoderm
at E12.5 with a posterior-high gradient peaking in the distal
prospective colon. Like Cdx2, this expression also persists throughout
the lifespan of the animal (Duprey et al., 1988; Meyer and Gruss,
1993; Silberg et al., 2000).
Cdx1 null mice have not been reported to have an intestinal
phenotype (Subramanian et al., 1995), while Cdx2 null mice die
around E3.5 due to an implantation failure. Cdx2 heterozygotes are
viable and fertile; however, the intestinal tracts of adults exhibit
occasional Cdx2-deﬁcient lesions in the colon and small intestine.
These lesions exhibit areas of metaplasia comprised of esophageal-
and gastric-like epithelium, suggestive of a transformation to a more
anterior fate (Chawengsaksophak et al., 1997; Beck et al., 1999). These
observations are consistent with ﬁndings from other model systems
indicative of critical roles for Cdx2 in the intestine. For example, in
zebraﬁsh, the Cdx2 orthologue Cdx1b regulates intestinal cell
proliferation and terminal differentiation (Chen et al., 2009; Flores
et al., 2008). Morpholino knockdown of Cdx1, Cdx2 and Cdx4 in Xe-
nopus tropicalis results in misexpression of midgut genes such as
darmin and the hindgut marker XSox17b, leading to an altered
intestinal identity as evidenced by loss of intestinal fatty acid binding
protein (IFABP) expression and disruption of gut coiling (Faas and
Isaacs, 2009). More recently, conditional deletion approaches have
illustrated a critical role for Cdx2 in the mouse, with ablation of Cdx2
in the endoderm leading to transformation of the small intestine to an
esophageal phenotype and agenesis of the colon. Notably, this
transformation occurs independent of major alterations in the enteric
Hox code (Gao et al., 2009).
In the present study, we used a tamoxifen-regulated Cre driven by
the intestinal epithelium-speciﬁc villin promoter (el Marjou et al.,
2004) to inactivate a ﬂoxed Cdx2 allele. Although villin expression
begins around E9.0 (Ezzell et al., 1989), we found that recombination
prior to E13.5 resulted in repopulationof the intestinal epitheliumwith
cells apparently heterozygous for Cdx2, suggesting Cdx2 null cells are
at a competitive disadvantage. Treatment at E13.5, however, resulted
in efﬁcient deletion and aberrant patterning of the epithelium of the
small intestine, underscoring a role for Cdx2 in the gut at a relatively
late stage. We also present evidence that Cdx2 function is required to
delimit Pdx1 along the intestinal tract. Finally, in contrast with prior
observations (Gao et al., 2009), we found that Cdx1 expressionwas not
affected by loss of Cdx2, and that Cdx1 does not play a critical role in
development of the small intestine, at least from E13.5.Materials and methods
Generation of Cdx2 and Cdx1-Cdx2 intestinal loss-of-function mutants
Cdx2f/f, Cdx1−/−, and Villin-Cre ERT mice have been previously
described (Savory et al., 2009a; Subramanian et al., 1995; el Marjou et
al., 2004). Cdx2 deletion was effected by crossing Cdx2f/f females with
Cdx2f/f-Villin-Cre ERT males and treating pregnant females with 5 mg
of tamoxifen at E13.5 by oral gavage. Cdx1-Cdx2 doublemutants were
generated in a similar manner by crossing Cdx1−/− mice into the
Cdx2f/f and Cdx2f/f-Villin-Cre ERT backgrounds. Littermates lacking the
Cre ERT transgene were used as controls in both instances.
Histology and immunohistochemistry
E18.5 intestinal tracts were dissected free of accessory organs in
phosphate-buffered saline treated with diethylpyrocarbonate (PBS-
DEPC), ﬁxed in 4% paraformaldehyde (PFA) in PBS-DEPC at 4 °C
overnight, dehydrated through an ethanol series, embedded in
parafﬁn and sectioned at 5 μm for histological and immunohisto-
chemical analysis. Hematoxylin and eosin, Periodic acid- Schiff, Alcian
Blue and immunostaining were carried out using standard methods.
Primary antibodies used were anti-Pdx1 monoclonal (1/100 dilution,
Developmental Studies Hybridoma Bank); rabbit polyclonal anti-Cdx1
and anti-Cdx2 (Savory et al., 2009b); anti-PepsinogenII (1/1000
dilution, Binding Site Ltd, Birmingham, England); anti-H+/K+ ATPase
(β subunit; 1/1000 dilution, Abcam); and anti-Ki67 (1/1000 dilution,
Abcam). Secondary antibodieswere HRP-conjugated goat anti-mouse,
goat anti-sheep or goat anti-rabbit, as appropriate (1/1000, Santa
Cruz Biotechnologies). Slides were mounted using Permount (Fisher)
and scanned at 40× using a Zeiss Mirax Midi Scanner (Zeiss).
Western blot analysis
Stomach, small or large intestine from E18.5 fetuses were
collected in 1 ml of lysis buffer (20 mM Tris, pH 8.0, 25 mM NaCl,
1.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, 10% glycerol, 1 mM
DTT and protease inhibitors), minced and sonicated and super-
natants cleared by centrifugation. Fifty micrograms of protein was
resolved on a 12% SDS-PAGE gel, transferred to PVDF membrane
(Millipore) which was then blocked with 5% skim milk in PBS with
0.1% Tween-20 and incubated with anti-Cdx2 (Savory et al., 2009b)
or β-actin (1/5000 dilution, mAbcam8226) antibodies overnight.
Secondary antibodies (HRP-conjugated anti-rabbit or anti-mouse
IgG; 1/10 000 dilution, Santa Cruz Biotechology) were detected by
ECL (Perkin Elmer) according to the manufacturer's instructions.
Signal was quantiﬁed using ImageJ software using the β-actin signal
as a loading control.
In situ hybridization
Sections were cut at 10 μm and slides were processed as described
above. Probes were synthesized using the DIG RNA labeling system
(Roche) according to the manufacturer's recommendations. In situ
hybridization was carried out as previously described (Jensen and
Wallace, 1997) and slides were mounted using Permount (Fisher).
Reverse-transcriptase polymerase chain reaction (RT-PCR)
RNA was extracted from E18.5 stomach, small intestine or large
intestine using Trizol reagent (Invitrogen) and used to generate cDNA
by standard procedures. cDNA was subsequently ampliﬁed by PCR
using oligonucleotides for Muc1, Sox2, Ghrl, IFABP, Keratin5, p63,
BarX1 or β-actin. PCR products were resolved by electrophoresis
on a 1.5% agarose gel, stained using SYBR Safe Nucleic Acid Stain I
(Invitrogen) and quantiﬁed using LAS Image-4000 luminescent image
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expression to normalize for loading.
Results
Conditional inactivation of Cdx2 in the intestine
To circumvent the lethality inherent to Cdx2 loss-of-function
(Chawengsaksophak et al., 1997), we generated a ﬂoxed allele (Cdx2f/f)Fig. 1. Conditional inactivation of Cdx2. Immunohistochemistry for Cdx1 (A) or Cdx2 (B) in
(ii and vi), Cdx1−/−Cdx2f/f (iii and vii) and Cdx1−/−Cdx2−/− (iv and viii) E18.5 fetuses. Scal
Cdx1-Cdx2 double null small or large intestine. β-actin was used as a loading control whilewhereby loxP sites ﬂanked the homeodomain-encoding second exon
of the Cdx2 locus (Savory et al., 2009a). To investigate the role of
Cdx2 in the intestine, we used a villin-Cre ERT transgenic which
expresses a tamoxifen-regulated Cre recombinase in the intestinal
epithelium (el Marjou et al., 2004). Since expression of this
transgene begins at E9.0, we initially treated mice at either E9.5 or
E11.5 with 2 mg of tamoxifen. The resulting offspring were viable
and survived into adulthood with apparently normal intestinal tracts
(data not shown). Immunohistochemical analysis of these offspringsmall intestine (upper panels) and colon (lower panels) in Cdx2f/f (i and v), Cdx2−/−
e bars represent 50 μm. (C) Western blot analysis for Cdx2 in wild-type, Cdx2 null and
stomach extracts were used as a negative control.
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tract which, however, appeared to represent approximately 50% of
that seen in wild-type controls. Consistent with this, PCR analysis
revealed the presence of both recombined and ﬂoxed alleles
(Supplementary Fig. 1). These observations suggest that ablation at
these stages resulted in a residual population of cells heterozygous
for Cdx2 that were able to outcompete Cdx2 null cells and
repopulate the intestinal tract.
We subsequently found that a single 5 mg dose administered at
E13.5 led to effective deletion of Cdx2 in the small intestine, as
assessed by both immunohistochemistry and Western blot analysis.
However, a considerable amount of Cdx2 expression persisted in the
large intestine (Fig. 1). Western blot analysis also failed to detect a
truncated N-terminal protein predicted to arise from the targeting
strategy. This suggests that any such product was unstable and not
likely to confound interpretation of results. These data suggest that
this dosing regimen yields effective ablation of Cdx2 in the small
intestine, hereafter referred to as Cdx2−/−.
Generation and analysis of Cdx2 and Cdx1-Cdx2 null small intestine
Cdx members appear to functionally overlap in several develop-
mental programs, including vertebral patterning (Faas and Isaacs,
2009; Savory et al., 2009b; van den Akker et al., 2002; van Nes et al.,
2006) and hematopoiesis (Davidson and Zon, 2006). Functional
equivalence has been less rigorously addressed in the intestine, andFig. 2. Intestinal morphology is compromised in Cdx2−/− mice. (A) Cdx2f/f (left) and Cdx
(B) E18.5 intestinal tracts. Duodenal width (C) was increased in Cdx2 mutants, while the le
represent standard deviation from the mean. ⁎Pb0.05 by Student's t-test. Abbreviations: stdata from tissue culture models suggest Cdx1 and Cdx2 may be
actually functionally distinct in some cases (Alkhoury et al., 2005;
Bai et al., 2003; Gautier-Stein et al., 2003; Moucadel et al., 2002; Oh
et al., 2002). In this regard, recent work demonstrated that ablation
of Cdx2 in deﬁnitive endoderm results in loss of Cdx1 (Gao et al.,
2009). While this places Cdx2 upstream of Cdx1, it also suggests
that the resultant phenotype may be a consequence of the loss of
both Cdx1 and Cdx2. In contrast, we found that ablation of Cdx2 at
E13.5 did not compromise Cdx1 expression in the intestine (Fig. 1A;
compare i to ii and v to vi). However, Cdx1 null mutants exhibited a
modest reduction of Cdx2 in the large intestine (approximately 30%
by densitometry, Fig. 1C), consistent with cross-regulation among
Cdx members (Beland et al., 2004; Prinos et al., 2001; Xu et al.,
1999).
Based on the above observations, we anticipated that Cdx1 may
compensate for the absence of Cdx2 in the intestine, and therefore
derived both Cdx2−/− and Cdx1−/−Cdx2−/− double mutants for
comparison. Both genotypes were recovered at a Mendelian frequen-
cy at E18.5, but did not survive beyond P0. Full-term mutants
exhibited slightly distended abdomens, but appeared otherwise
normal on external examination (Fig. 2A). The gastrointestinal tracts
of Cdx2−/− and Cdx1−/−Cdx2−/− offspring exhibited a similarly
distended duodenum (Figs. 2B, C), with the small and large intestine
being of normal length (Figs. 2B, D, E). Other gastrointestinal organs
appeared to be normal, including the stomach and accessory organs
(Fig. 2B, data not shown).2−/− (right) fetuses. Note the distension of the abdomen in the Cdx2−/− specimen.
ngth of the small intestine (D) and colon (E) was not signiﬁcantly affected. Error bars
, stomach; du, duodenum; ca, caecum; co, colon.
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genesis of the Cdx2 mutant small intestine, with a severe reduction in
villus length and poor organization (Fig. 3; compare i and iii to ii and
iv); Cdx1−/−Cdx2−/− offspring exhibited similar defects (Fig. 3;
compare ii to iv and vi to viii). Both single and doublemutant epithelia
also exhibited vacuolated cells, suggestive of apoptosis, although no
difference was found relative to littermate controls in TUNEL assays
(Supplementary Fig. 2). In addition, the basal polarity typical of the
nuclei of wild-type enterocytes was lost in the mutants (Fig. 3;
compare ix to x and data not shown). The caecums and colons of both
Cdx2−/− and Cdx1−/−Cdx2−/− mice appeared histologically normal
(Fig. 3v–viii), likely due to the residual level of Cdx2 in the distal GI
tract (Figs. 1B, C), and was therefore not further assessed. Finally, and
in contrast to prior work (Gao et al., 2009), there was no evidence of
imperforate anus in Cdx2 single or Cdx1-Cdx2 double null mutants
(Fig. 3xi and data not shown).
Cdx2 is essential for patterning of the small intestine
Previous studies have suggested that Cdx2 plays an essential role
in intestinal patterning (Beck et al., 1999; Chawengsaksophak et al.,
1997; Gao et al., 2009; Stringer et al., 2008). To further investigate
this, we used differential staining with Periodic acid-Schiff (PAS),
which stains mucins of both the intestinal Goblet cells and the gastric
pit cells of the stomach, and Alcian Blue, which stains only mucins
secreted by intestinal Goblet cells (Culling et al., 1975). These studies
revealed that Cdx2−/− small intestines exhibited ectopic PAS staining,Fig. 3. Cdx2 is essential for morphogenesis of the small intestine. Hematoxylin and eosin sta
Cdx1−/−Cdx2f/f or Cdx1−/−Cdx2−/− E18.5 fetuses. Note the altered villus morphology in Cdx
basal polarity of nuclei in Cdx2 mutant intestinal epithelial cells (compare ix to x). Arrows de
section showing the rectum and anus of a Cdx1-Cdx2 mutant. Arrow denotes the anus frommost notably at the apical edge of the villi (Fig. 4; compare i and iii to ii
and iv). There was also robust PAS staining in large rounded cells
which resembled Goblet cells which were also stained with Alcian
Blue. Alcian Blue, however, did not stain the apical edge of the mutant
villi (Fig. 4; compare vi and viii to vii and ix). Staining patterns for
Cdx1−/−Cdx2−/− offspring were indistinguishable from Cdx2 single
mutants (Fig. 4; compare ii and vii to iv and ix). It is also notable,
that these mutant staining patterns resemble that of pyloric stomach
(Fig. 4; compare ii and iv to v).
H+/K+ ATPase is expressed in gastric parietal cells (Shull, 1990)
as seen by immunohistochemistry in control stomach (Fig. 5A). In
the Cdx2 and Cdx1-Cdx2 mutant small intestine, but not in controls,
regions of staining were also observed in the proximal duodenum
(Fig. 5C; arrowheads, compare to 5B and data not shown). The
staining seen in the mutant intestine is also consistent with the
localization of H+/K+ ATPase in cytoplasmic tubulovesicles result-
ing in a punctate expression pattern (Okamoto and Forte, 2001).
To further characterize the Cdx2−/− intestinal phenotype, we
investigated additional markers characteristic of stomach or intes-
tine by semi-quantitative RT-PCR. Sox2 is initially expressed in the
epithelium of the esophagus and stomach and extends to the
duodenum, with expression attenuated in the posterior stomach
at term (Que et al., 2007). Muc1 is a transmembrane protein found
in the apical surface of glandular epithelia of the stomach (Braga
et al., 1992) while Ghrelin (Ghrl) is expressed in gastric mucosal
cells (Kojima et al., 1999). IFABP is expressed in intestinal epithelial
cells (Agellon et al., 2002). We found an enrichment of these threeining of small intestine (i, ii, iii, iv, ix, x) or colon (v, vi, vii, viii) from Cdx2f/f, Cdx2−/−,
2 single and Cdx1-Cdx2 double mutant small intestines. Note also the abnormal apical-
note nuclei that have lost apical-basal polarity compared to controls. xi is a longitudinal
the external side. Scale bar represents 50 μm.
Fig. 4. Cdx2 mutant intestine exhibits characteristics of glandular stomach. Periodic acid-Schiff (PAS, i–v) and Alcian Blue (vi–x) staining of small intestines from Cdx2f/f (i and vi),
Cdx2−/− (ii and vii), Cdx1−/−Cdx2f/f (iii and viii) or Cdx1−/−Cdx2−/− (iv and ix) E18.5 fetuses. Wild-type pyloric stomach (v and x) is shown for comparison. Hematoxylin and eosin
(lower panels) staining of wild-type esophagus or cardiac, corpus and pyloric regions of wild-type stomach as indicated. Compare these esophageal and stomach sections to Cdx2
and Cdx1-2 mutant small intestines in Fig. 3 (ii and vi). Scale bars represent 50 μm.
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the Cdx2 null small intestine compared to wild-type littermate
controls (Fig. 5D).
The presence of ectopic gastric mucins and the gain in the
expression of stomach markers, together with the reduction in
expression of IFABP, is consistent with a partial transformation of
the Cdx2 mutant small intestine to a stomach-like identity. In
agreement with this, the villi of both the Cdx2 and Cdx1-Cdx2
mutants were morphologically similar to the pyloric region (but not
the cardiac or corpus regions) of the stomach (compare Fig. 3xi, xii,
xiii, xix to Fig. 3ii, iv). Neither single nor doublemutant intestines bore
any morphological resemblance to the esophagus (compare Fig. 3ii
and iv to Fig. 4xi–x), nor was expression of esophageal markers such
as p63 or keratin5 detected (Supplementary Fig. 3) in contrast to
previous ﬁndings (Beck et al., 1999; Chawengsaksophak et al., 1997;
Gao et al., 2009). Finally, epithelial–mesenchymal signaling plays a
key role in endoderm development (Kim et al., 2005, 2007). However,
and also in contrast to prior ﬁndings (Stringer et al., 2008), we did not
ﬁnd any evidence for ectopic BarX1 expression in the mutants(Supplementary Fig. 4). Taken together, these results are consistent
with loss of Cdx2 at E13.5 leading to a partial transformation of the
epithelium of the small intestine to a pyloric identity, with some
persisting intestinal characteristics.
Cdx2 restricts cell cycle in the intestine
In adult mice, intestinal stem cells which reside near the base of
crypts give rise to rapidly dividing transit amplifying cells which in
turn exit mitosis and differentiate into the cell types comprising the
intestinal epithelium. In the developing fetus, actively dividing cells
are localized to the intervillus spaces since crypts have yet to form
(Crosnier et al., 2006). Consistent with this, in the wild-type small
intestine Ki67, which marks actively dividing cells, was observed at
the base of inter-villus spaces (Figs. 6Ai, B). In the Cdx2−/− small
intestine, however, Ki67 staining was observed in a more superﬁcial
and expanded domain (Figs. 6Aii, B); Cdx1−/−Cdx2−/− mutants
exhibited an identical pattern of expression (data not shown). These
results suggest that Cdx2 is required to restrict cycling cells in the
Fig. 5. Expression of gastric markers in Cdx2 mutants. Immunohistochemical staining for H+/K+ ATPase in wild-type stomach (A), Cdx1−/−Cdx2f/f (B) and Cdx1−/−Cdx2−/− (C)
E18.5 small intestines. Arrowheads in panel C indicate punctuate tubulovesicle-like staining. Scale bar represents 50 μm. (D) RT-PCR analysis from E18.5 small intestine or wild-type
stomachs for Sox2, Muc1, Ghrl or IFABP. Values represent mean fold expression in Cdx2f/f (gray) and Cdx2−/− (black) small intestines relative to wild-type stomach. Error bars
represent standard deviation from the mean. The experiment was repeated in triplicate with similar trends. ⁎Pb0.05 by Student's t-test.
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transit-amplifying (or stem) cells or if it is secondary to the loss of the
normal intestinal architecture. It is, however, interesting to note that
a similar pattern of Ki67 expression is seen in the pyloric stomach
(Fig. 6Aiii), consistent with anterior transformation of the mutant
intestine.
Loss of Cdx2 alters Pdx1 expression
The murine ParaHox family member Pdx1 has critical roles in the
intestinal tract, as evidenced by the lack a pancreas and additional
defects in Pdx1 null mutants (Jepeal et al., 2005; Jonsson et al., 1994;
Larsson et al., 1996; Ofﬁeld et al., 1996). A relationship between Pdx1
and Cdx2 is supported by the ﬁnding that the sea urchin homologues
of Cdx2 and Pdx1, spCdx and spLox, act in an autoregulatory loop to
specify hindgut endoderm (Cole et al., 2009). We therefore assessed
Pdx1 expression in Cdx2 mutants to see if a similar regulatory
relationship existed.
Pdx1 is normally expressed in the epithelia of the distal stomach
and the duodenum; this pattern was conserved in Cdx1−/−Cdx2−/−
and Cdx2−/− offspring (Fig. 7). However, ectopic Pdx1 expressionwas
also observed in the distal small intestine in the mutant backgrounds
(Fig. 7viii and x) consistent with anteriorization of the intestine, andsuggesting that a Pdx1-Cdx2 cross-regulatory loop related to that
described in the sea urchin may be conserved in the mouse.
Discussion
To investigate the role of Cdx2 in intestinal development, we
used a ligand-activated Cre under the control of the villin promoter
to effect deletion of Cdx2 in the intestinal epithelium at E13.5.
Immunohistochemistry and western blot analysis revealed that this
approach resulted in efﬁcient deletion of Cdx2 in the small intestine;
however, considerable protein remained in the large intestine. This
may be due to relative expression levels of the villin-Cre transgene
along the GI tract (el Marjou et al., 2004). The resultant Cdx2
mutants exhibited a distended duodenum with severely disrupted
villus morphology. Differential staining and expression analyses
indicated that the mutant small intestine exhibited several markers
typical of the gastric epithelium, consistent with prior ﬁndings (Beck
et al., 1999, 2003; Chawengsaksophak et al., 1997) and indicative of
a critical role for Cdx2 in patterning of the small intestine at E13.5
(or later). Our ﬁndings are also in general agreement with recent
work showing that loss of Cdx2 in the early deﬁnitive endoderm
results in an anterior transformation of the small intestine to an
esophageal identity (Gao et al., 2009).
Fig. 6. Cdx2 regulates the localization of cycling cells. (A) Ki67 immunohistochemistry of E18.5 Cdx2f/f (i) and Cdx2−/− (ii) small intestine and wild-type pyloric stomach (iii). (B)
Ki67 positive nuclei were counted according to position with the center of the intervillus region as 0. Bars shown represent the mean count from 9 intervillus spaces from 3 Cdx2f/f
(gray) and 3 Cdx2−/− (black) specimen. Error bars represent standard deviation from the mean. ⁎Pb0.05 by Student's t-test. Scale bar represents 50 μm.
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temporal manner
We found that loss of Cdx2 at E13.5 led to a partial transformation
of the small intestine to a glandular stomach-like identity. For
example, PAS and Alcian blue staining suggests the presence of
ectopic stomach mucins intermingled with normal intestinal Goblet
cells. An increase in expression of stomach markers such as Ghrl, Sox2
and Muc1, and a reduction in the intestinal marker IFABP, were also
observed. Taken together, these ﬁndings are suggestive of a partial
transformation of the epithelium to a mixed lineage of pyloric
stomach and small intestine. In contrast to this, Cdx2 disruption in
deﬁnitive endoderm around E8.5 results in transformation of the
small intestine to an esophageal identity and agenesis of the colon
(Gao et al., 2009). These different outcomes are not likely due to
compensation by Cdx1, as we found that loss of Cdx1 in the Cdx2
mutant background had no discernable impact. Moreover, temporal
ablation of Cdx2 using an Actin-CreERT transgene (Santagati et al.,
2005) at E8.5 resulted in transformation of the small intestine to an
esophageal-like keratinized epithelium (our unpublished observa-
tion). These ﬁndings suggest that loss of Cdx2 differentially impacts
on intestinal patterning in a temporal manner, with early loss
resulting in a more anterior transformation, and that intestinal
patterning exhibits considerable plasticity to at least E13.5.
Information as regards the plasticity of the endoderm and its
derivatives is largely restricted to pancreas and liver, but is consistent
with a protracted period of plasticity. For example, the homeobox
transcription factor HB9 can alter endoderm from a pancreatic to a gut
fate if expression is forced beyond its normal period during pancreatic
development (Li and Edlund, 2001). In addition, loss of Ptf1a results in
conversion of pancreatic precursors to an intestinal fate, despite earlyexpression of pancreatic speciﬁc transcription factors suggesting that
these precursors can be reprogrammed (Kawaguchi et al., 2002).
During chronic tissue damage in the adult mouse, hepatocytes and
pancreatic islet cells sometimes sporadically arise from other cell
types, such as the bile duct-associated cells (Bonner-Weir and Weir,
2005; Fausto and Campbell, 2003; Taub, 2004). Finally, in the
intestinal tract itself, Barrett's esophagus represents another example
tissue reprogramming, in this case from squamous-keratinized
epithelial tissue to a columnar, duodenal-like, epithelium. Interest-
ingly, this metaplasia may be driven by ectopic expression of Cdx2
(Souza et al., 2008).
Our study provides precedent regarding Cdx2 function as relates to
the plasticity of the intestinal endoderm. Although it remains to be
determined which programs are impacted, one potential candidate is
the Wnt signaling pathway, which has a differential impact on
intestinal patterning, with more anterior structures such as the
stomach, liver and pancreas requiring repression of the Wnt signal
(Kim et al., 2005, 2007; McLin et al., 2007), while development of the
posterior portion of the gut tube is Wnt-dependent (Gregorieff et al.,
2004). In this regard, Cdx members have been shown to be both Wnt
targets and also to regulate the Wnt signal (Lickert et al., 2000; Pilon
et al., 2007; Prinos et al., 2001; Shimizu et al., 2005; Savory, 2009a),
consistent with a Cdx-Wnt pathway in intestinal development.
The prior ﬁnding of agenesis of the colon in Cdx2mutants suggests
that Cdx2 null cells are incapable of contributing to distal GI tract (Gao
et al., 2009). The nature of the Cre transgene employed in the current
study likely leads to a failure to recapitulate this phenotype. However,
consistent with this prior observation, we did ﬁnd that cells
heterozygous for Cdx2 appeared to be at a competitive advantage
over Cdx2 null cells, as evidenced by repletion of the intestinal tract
exclusively with the former when following tamoxifen-mediated
Fig. 7. Cdx2 regulates Pdx1 expression. Pdx1 immunohistochemistry in Cdx2f/f (ii, iii), Cdx2−/− (vii, viii), Cdx1−/−Cdx2f/f (iv, v) and Cdx1−/−Cdx2−/− (ix, x) proximal (ii, iv, vii, ix)
and distal (iii, v, viii, x) E18.5 small intestines, and wild-type E18.5 cardiac (i) and pyloric (vi) stomach. Note the ectopic Pdx1 expression in the distal small intestine of Cdx2 (viii)
and Cdx1-Cdx2 (x) mutants. Scale bar represents 50 μm.
163S. Grainger et al. / Developmental Biology 339 (2010) 155–165recombination at earlier stages. Finally, we have seen no evidence for a
blockage at any level of the intestine. This suggests that the distension
of the duodenum in Cdxmutants is speciﬁc, rather than secondary to a
blind-ending colon as previously suggested (Gao et al., 2009).
Cdx2 and mesodermal patterning of the GI tract
Spontaneous loss of Cdx2 expression has been reported to occur
occasionally in the intestinal epithelium of Cdx2 heterozygotes, and
this event has been associated with ectopic expression of BarX1 in the
underlying mesoderm (Stringer et al., 2008). Similar effects on
mesodermal gene expression were not observed in either the current,
or other (Gao et al., 2009), models of Cdx2 loss-of-function. In the
latter instance, the lack of ectopic BarX1 expression could be
precluded by the transformation of the Cdx2 mutant intestine to an
esophageal fate. However, the present study suggests a partial
transformation of the small intestine to a pyloric fate. It is possible
that the incomplete nature of this transformation precludes effects on
underlying mesoderm. Alternatively, the stage of Cdx2 loss-of-
function may impact on epithelial–mesenchymal interactions.
In the purple sea urchin Stronglyocentrotus purpuratus, knockdown
of spLox (the homologue of Pdx1) revealed an interaction between
spLox and spCdx (the homologue of Cdx2), suggesting that these
two ParaHox members are involved in a feedback loop wherein spLox
ﬁrst induces the expression of spCdx in the hindgut, which in turn
represses spLox to establish hindgut identity (Cole et al., 2009). The
ectopic Pdx1 expression seen in the Cdx2 mutant intestine is
consistent with conservation of this relationship. However, inactiva-
tion of Cdx2 at earlier stages has no such impact on Pdx1 (Gao et al.,
2009) suggesting either that the ectopic Pdx1 expression observed in
the current study is indicative of a temporal Cdx2-dependent event orsimply reﬂective of the transformation of the small intestine to a
posterior stomach identity.
Cdx1 function in the small intestine
Cdx1 and Cdx2 functionally overlap in vertebral patterning (Faas
and Isaacs, 2009; Savory et al., 2009b; van den Akker et al., 2002) and
hematopoiesis (Davidson and Zon, 2006). Their co-expression in the
intestinal epithelium suggests the potential for similar functional
overlap. In this regard, early ablation of Cdx2 in the deﬁnitive endoderm
results in the loss of onset of expression of Cdx1 (Gao et al., 2009), and
the phenotype observed in this priorwork relative to the current study,
could be suggestive of a Cdx1-Cdx2 double mutant phenotype.
As Cdx1 expression was not affected by Cdx2 loss at E13.5, we
generated Cdx1-Cdx2 double mutants to investigate the contribution
of Cdx1 to intestinal development at this stage. The ﬁnding that Cdx1-
Cdx2 double mutants were indistinguishable from Cdx2 single
mutants, together with the lack of an intestinal phenotype in Cdx1
single mutants (Subramanian et al., 1995) argues that Cdx1 may be
dispensable for the development of the small intestine, as previously
suggested (Bonhomme et al., 2008). We cannot exclude, however, an
earlier role for Cdx1 in endodermal progenitor cells (Hierholzer and
Kemler, 2009). It is also conceivable that Cdx1 plays a critical distal GI
tract where its function may be masked by residual Cdx2 expression.
Finally, it is conceivable that Cdx1 (and Cdx2) play critical roles in the
adult intestinal tract.
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